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In intestinal cells, levels of the fructose transporter GLUT5 are in-
creased by glucose and to a greater extent by fructose. We
investigated the mechanism by which fructose increases GLUT5
expression. In Caco-2 cells, fructose and glucose increased ac-
tivity of the − 2500/+ 41 GLUT5 promoter to the same extent.
cAMP also activated the GLUT5 promoter. However, if a protein
kinase A inhibitor was used to block cAMP signalling, extensive
GLUT5 mRNA degradation was observed, with no change in
basal transcription levels demonstrating the involvement of cAMP
in GLUT5 mRNA stability. Indeed, the half-life of GLUT5 mRNA
was correlated (R2 = 0.9913) with cellular cAMP levels. Fructose
increased cAMP concentration more than glucose, accounting for
the stronger effect of fructose when compared with that of glucose
on GLUT5 production. We identified several complexes between
GLUT5 3′-UTR RNA (where UTR stands for untranslated region)
and cytosolic proteins that might participate in mRNA processing.

Strong binding of a 140 kDa complex I was observed in sugar-
deprived cells, with levels of binding lower in the presence of
fructose and glucose by factors of 12 and 6 respectively. This
may account for differences in the effects of fructose and glu-
cose. In contrast, the amounts of two complexes of 96 and 48 kDa
increased equally after stimulation with either glucose or fructose.
Finally, PABP (polyadenylated-binding protein)-interacting
protein 2, a destabilizing partner of PABP, was identified as a
component of GLUT5 3′-UTR RNA–protein complexes. We
conclude that the post-transcriptional regulation of GLUT5 by
fructose involves increases in mRNA stability mediated by the
cAMP pathway and Paip2 (PABP-interacting protein 2) binding.

Key words: Caco-2/TC7, fructose, glucose, intestine, protein
kinase A (PKA), SLC2A5.

INTRODUCTION

Intestinal fructose absorption at the brush-border membrane
involves GLUT5 transporter activity. GLUT5 (encoded by the
SLC2A5 gene), a member of the facilitative sugar transporter
family, is present mostly in the small intestine and in the proximal
tubule of the kidney [1].

Fructose stimulates GLUT5 expression to a greater extent than
glucose, both in vivo [2,3] and in Caco-2 cells [4]. The mechanism
underlying the specific regulation by fructose is largely unknown.
Transcriptional [5] and post-transcriptional [2] events have been
suggested to mediate the response of GLUT5 expression to
fructose. Streptozotocin-induced diabetes has been shown to in-
crease the GLUT5 expression in the small intestine [6]. Thus high
blood-glucose concentration or high glucagon/insulin ratio may
activate GLUT5 gene expression. Moreover, FK (forskolin), a
potent stimulator of adenylate cyclase, activates GLUT5 gene
transcription and increases the half-life of GLUT5 mRNA in
the Caco-2 cells [7]. GLUT5 mRNA levels depend on cAMP
levels in sugar-fed Caco-2 cells [4]. We therefore investigated the
transcriptional and post-transcriptional events controlling GLUT5
expression to elucidate the fructose-activated pathway.

The interaction of cytoplasmic proteins with a cis-acting
element in the UTR (untranslated region) of mRNA is critical to
the post-transcriptional control of gene expression. Environmental
factors, such as nutrients, hormones and growth factors, affect
mRNA stability via several 3′-UTR complexes [8]. The effect of
glucose on the mRNA stability depends on the transcript studied.

Abbreviations used: Bt2, dibutyryl; DAB, 1,4-dideoxy-1,4-imino-arabinitol; DTT, dithiothreitol; FK, forskolin; DDFK, dideoxy-FK; GST, glutathione
S-transferase; poly(A)+, polyadenylated; PABP, poly(A)+-binding protein; Paip, PABP-interacting protein; PKA, protein kinase A; UTR, untranslated region.
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The degradation of GLUT1 mRNA is mediated by 3′-AU-
rich elements in glucose-deprived cells [9–14], whereas the
degradation of protein kinase C β II mRNA is induced by acute
hyperglycaemia [15,16]. In contrast, glucose increases insulin
mRNA stability via the binding of proteins to a pyrimidine-
rich 3′-UTR sequence [17] and doubles the half-life of glucose-
6-phosphatase mRNA [18]. No fructose-induced complexes
involving the 3′-UTR sequences modulating the mRNA stability
have yet been reported. Fructose may regulate the interaction
between GLUT5 mRNA with cytoplasmic protein via the cAMP-
signalling pathway. Indeed, cAMP stabilizes several mRNA
species [19,20], including, in particular, the transcript of the
SGLT1 gene involved in the intestinal uptake of glucose [21,22].
Several 3′-UTR–protein complexes have already been identified.
cAMP induces the binding of a 48 kDa complex to a U-rich
region in the SGLT1–3′-UTR, resulting in an increase in mRNA
stability [23,24]. The cAMP-mediated stabilization of the
phosphoenolpyruvate carboxykinase mRNA is correlated with
the abundance of 100 kDa protein–3′-UTR complex [25]. The
GLUT5 RNA–protein complexes involved in response to fructose
stimulation are searched for.

The aim of the present study is to determine how fructose
stimulates GLUT5 production more efficiently than glucose,
taking into account the contribution of cAMP in this process. We
therefore compared the effects of cAMP produced after culture
in the presence of fructose, with FK stimulation of the cells.
We compared the effects of fructose or glucose in the medium
with those of sugar deprivation in Caco-2 cells to assess GLUT5
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promoter activity and post-transcriptional events affecting mRNA
stability and to identify specific mRNA–protein complexes.

EXPERIMENTAL

Cells

Caco-2/PD7 and Caco-2/TC7 cells, two clones derived from
the Caco-2 cell line that display high levels of sugar transporter
activity, were used in the present study [26]. Both gave similar
results. Cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Life Technologies, Glasgow, Scotland, U.K.), supplemen-
ted with 25 mM glucose, 20 % (v/v) heat-inactivated (30 min,
56 ◦C) foetal calf serum (Abcys, Paris, France), 1 % non-essential
amino acids (Life Technologies), 100 units/ml penicillin and
100 µg/ml streptomycin [26]. From day 10 to harvest at day
20, cells were cultured in Dulbecco’s modified Eagle’s medium
and then supplemented with 10 % (v/v) heat-inactivated dialysed
serum (dialysis molecular mass cut at 2 kDa), providing hexose-
free culture conditions when necessary [4]. Cells were grown on
solid support, so that fructose and glucose were delivered only to
the apical brush-border membrane of differentiated cells where
GLUT5 is expressed. Subsequent biochemical assays were made
either immediately after emptying the culture media and keeping
it on ice during the experiment, or for cAMP assays by snap-
freezing the monolayer by floating the flask on liquid nitrogen.

Chemicals

H89, a specific PKA (protein kinase A) inhibitor and Bt2

(dibutyryl)-cAMP, a non-metabolizable analogue of cAMP,
were obtained from Biomol Research Laboratories (Plymouth
Meeting, PA, U.S.A.). The transcription inhibitors 5,6-dichloro-
benzimidazole riboside, FK and DDFK (dideoxy-FK), an ana-
logue of FK with some of the effects of FK but not the effect of
stimulating adenylate cyclase, were obtained from Calbiochem
(La Jolla, CA, U.S.A.). All other chemicals, including DAB
(1,4-dideoxy-1,4-imino-arabinitol), were obtained from Sigma–
Aldrich (L’Isle-d’Abeau, Chesnes, France). [α-32P]UTP (800 Ci/
mmol) was obtained from NEN Life Science Products (Brussels,
Belgium).

Biochemical assays

Luciferase assays were performed with the Luciferase Assay
System (Promega, Madison, WI, U.S.A.) in a Lumat LB9501
luminometer (Berthold Detection System, Germany). Intracellu-
lar cAMP content was determined with the Biotrak cAMP EIA
(enzyme immunoassay) system (Amersham Biosciences, Little
Chalfont, Bucks., U.K.), according to the manufacturer’s instruc-
tions. Glycogen assays were performed as described elsewhere
[27].

Northern blotting

Total RNA was extracted with the TRI Reagent, according to the
manufacturer’s instructions (Molecular Research Centre,
Cincinnati, OH, U.S.A.). We loaded the equivalent of 15 µg
of RNA, in glyoxal-denatured samples, on to 1 % agarose gels
and subjected them to electrophoresis. The resulting bands were
transferred to membranes (Appligen-Oncor, Ilkirch, France),
which were probed with appropriate cDNA radiolabelled with
the Megaprime DNA Labelling System (Amersham Biosciences).
The membrane and probe were prehybridized and hybridized in
0.25 M phosphate buffer [7 % (w/v) SDS/1 % BSA/1 mM EDTA,

pH 6.8] at 65 ◦C. The membrane was washed under conditions of
increasing stringency, ending with a 10 min wash in 0.1 % SDS,
0.1 × SSC (15 mM NaCl/1.5 mM sodium citrate) at 65 ◦C, and
placed against X-ray film.

Vectors

The 5′-deletion constructs were generated from the − 2500/+ 41
region of the GLUT5 promoter inserted into the episomal
replicative p205-GTI plasmid. Caco-2/TC7 and Caco-2/PD7 cells
were stably transfected with these constructs [28]. Studies on the
UTRs of the GLUT5 mRNA were performed with the full-length
GLUT5 cDNA. A human small-intestine Marathon-ready cDNA
library (ClonTech, NJ, U.S.A.) generated from the poly(A)+

(polyadenylated) RNA of three Caucasian individuals was used
for the amplification of the 1–2218 bp human GLUT5 gene by
PCR, using sense 5′-CTTCTCTCTCCATTCAGTGCACGCG-3′

primer (position 1–25) and antisense 5′-GAAAGTGATCAGGTT-
CATTTTATTGACTAC-3′ primer (position 2189–2218). The full-
length GLUT5 cDNA was inserted into pGEM3Z (Promega) for
in vitro transcription. An AvrII restriction site was created by site-
directed mutagenesis (Stratagene) at position 1590, at the junction
between the open reading frame and the 3′-UTR of the cDNA.
The AvrII and KpnI sites, located downstream from the GLUT5
cDNA, were used to generate the 3′-UTRG5-pGEM3Z construct
for transcription of the GLUT5 3′-UTR with the Riboprobe
In Vitro Transcription System (Promega).

Interaction of cytosolic protein with GLUT5 3′-UTR RNA

Cytosolic protein extracts (S100) were prepared from cells
cultured in sugar-free medium, or in medium containing glucose
or fructose. Cells were washed in cold PBS and homogenized in
10 mM Tris (pH 7.4), 10 mM KCl, 1.5 mM magnesium acetate,
1 mM DTT (dithiothreitol), 0.4 mM PMSF, 1 mM sodium ortho-
vanadate, 30 mM β-glycerophosphate and 1 % protease inhibitor
cocktail. Homogenates were centrifuged at 14 000 g for 2 min at
4 ◦C. The supernatants were collected and centrifuged at
100 000 g for 1 h at 4 ◦C to give the S100 supernatants. Aliquots
of the S100 supernatants were frozen in liquid nitrogen.

RNA electrophoretic mobility-shift assays were performed with
cytosolic S100 (5 µg of protein equivalent), which were incubated
for 30 min at 30 ◦C with 1 × 106 c.p.m. of α-32P-radiolabelled
RNA in 10 mM Hepes, 5 mM MgCl2, 50 mM KCl, 0.5 mM
EGTA, 0.5 mM DTT, 5 mg/ml heparin, 100 µg/ml tRNA and
10 % (v/v) glycerol. Samples were digested with RNase T1 for
10 min at 30 ◦C and subjected to electrophoresis on a 7 % (w/v)
acrylamide gel. Anti-Paip2 [poly(A)+-binding protein (PABP)-
interacting protein 2] polyclonal antibody (9–30 µg) was obtained
by immunization of rabbits with a GST (glutathione S-trans-
ferase)–Paip2 fusion protein (Eurogentec, Angers, France).
Antisera were depleted of anti-GST antibodies and purified on
a GST–Paip2/epoxy-aminohexyl–Sepharose 4B affinity column.
The anti-Paip2 antiserum was incubated with the [32P]-3′-UTR
RNA for 30 min at 30 ◦C. Its effects were identical regardless of
whether it was added with the reaction mixture before addition
of the 3′-UTR probe or after formation of the complex.

For UV cross-linking, we incubated 50 µg of cytosolic protein
for 30 min at 25 ◦C, with 1 × 106 c.p.m. of α-32P-radiolabelled
RNA in 10 mM Hepes buffer [3 mM MgCl2/40 mM KCl/5 %
glycerol/1 mM DTT]. We added heparin (5 mg/ml) and exposed
the samples to light with energy density 2.5 J/cm2, at a wavelength
of 312 nm (Biosun RMX3W, Vilber Lourmat, Marnes la Vallée,
France). Naked RNA was digested with 1 mg/ml RNase I and
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5 units of RNase TI for 30 min at 37 ◦C. Protein–RNA complexes
were separated by electrophoresis on a 10 % acrylamide gel con-
taining SDS after denaturation of the sample by heating for
5 min at 65 ◦C in 5 % glycerol, 1 % SDS, 0.04 M Tris (pH 6.8),
0.05 M DTT and Bromophenol Blue. The gel was then vacuum-
dried and placed against X-ray film.

For Northwestern analysis, we treated cytosolic S100 extracts
(50 µg) as described for UV cross-linking, subjected them to
electrophoresis on a gel containing 10 % acrylamide and 0.1 %
SDS and transferred the resulting bands to Hybond nitrocellulose
membranes in a buffer consisting of 250 mM Tris, 0.1 % SDS
and 300 mM glycine. The protein bands were renatured, and the
membrane was probed with 300 c.p.m./ml α-32P-labelled RNA
[29]. The blots were then incubated with anti-Paip2 antibodies
(1/2000) and antibody binding was detected by enhanced
chemiluminescence (ECL®), according to the manufacturer’s
instructions (Amersham Biosciences).

RESULTS

Stimulation of GLUT5 expression by fructose, glucose and cAMP

We assessed GLUT5 expression in differentiated Caco-2 cells
by determining the GLUT5 mRNA levels, promoter activity and
intracellular cAMP concentration. GLUT5 mRNA levels were
2.5 times higher in fructose-fed cells when compared with
glucose-fed cells, whereas in sugar-deprived cells, we were not
able to detect GLUT5 mRNA (Figure 1A, left panel). Surprisingly,
in these cells, both fructose and glucose induced GLUT5 promoter
activity by a factor of 5 with respect to sugar-deprived cells
(Figure 1C, left panel). Cellular cAMP concentration, which was
determined in parallel, was significantly higher (P < 0.05) in
cells cultured in the presence of fructose when compared
with those cultured in the presence of glucose, with cAMP
concentration in the presence of fructose being twice that in sugar-
deprived cells (Figure 1B, left panel). Thus fructose and glucose
stimulated GLUT5 promoter activity to similar extents, despite
differences in cellular cAMP concentration.

FK treatment had various effects on cAMP concentration.
DDFK, an FK analogue that does not stimulate adenylate cyclase,
was used as a control. At FK concentrations of 250 nM and
25 µM, GLUT5 mRNA levels were three and 6.5 times higher
respectively when compared with those for the untreated control
or DDFK-treated cells (Figure 1A, right panel). GLUT5 mRNA
and cAMP levels (Figure 1B, right panel) remained constant
in the presence of FK, up to a concentration of 2.5 nM. A
concentration of 250 nM FK increased cAMP concentration by a
factor of 1.8 and GLUT5 promoter activity by a factor of 1.5,
whereas 25 µM FK increased cAMP concentration by a factor of
25 and GLUT5 promoter activity by a factor of 2.2 (Figure 1C,
right panel). Thus GLUT5 mRNA synthesis and promoter activity
were stimulated by FK in a dose-dependent manner, which at the
same time increased the cAMP concentration in the cells.

We then performed experiments to localize fructose- and glu-
cose-responsive elements within the GLUT5 promoter (Figure 2)
using 5′-deletion constructs that were designed to delete success-
ively the two putative cAMP-response elements identified in the
sequence of the GLUT5 promoter at positions −365/−358 and
−332/−325 respectively from start of transcription. We measured
the activity of various 5′-deleted GLUT5 promoter constructs
in cells cultured with fructose, glucose and in the absence of
any sugar. Fructose and glucose stimulated the activity of all
constructs derived from the GLUT5 promoter, by a factor of 5–6 in
each case with respect to sugar-free culture conditions (Figure 2,

Figure 1 Increases in GLUT5 mRNA levels and promoter activity stimulated
by FK or sugar

Caco-2 cells were stably transfected with the − 2500/+ 41 promoter region of the GLUT5 gene
fused to the luciferase reporter gene. Caco-2 cells were cultured for 10 days (left panels) in
the absence of sugar (d, white bars) or in the presence of 25 mM glucose (G, hatched bars)
or fructose (F, black bars). Statistical differences are indicated by lower-case letters: a and b
denote statistical difference (P < 0.001) between glucose-fed and sugar-deprived cells, and
between fructose and glucose culture conditions respectively. Cells cultured with glucose were
treated with various concentrations (0, 0.25 pM, 25 pM, 2.5 nM, 250 nM, 25 µM) of FK (�) or
DDFK (�) for 48 h (right panels). (A) Northern-blot analysis of total RNA and quantification by
densitometry. (B) cAMP content of the various cells. (C) GLUT5 promoter activity, assayed
by measuring luciferase activity. Results are means of duplicate determinations for 2–4
independent cultures. Densitometric analysis and luciferase activities are expressed as a
percentage of the values obtained for untreated glucose controls. Statistical differences between
FK and DDFK results are indicated by ∗P < 0.05 and ∗∗∗P < 0.001 respectively. Note that
250 nM FK and 25 mM fructose gave similar increases in GLUT5 mRNA and cAMP levels (A, B),
whereas only FK (not fructose) increased GLUT5 promoter activity (C). RLU, relative light units.

lower panel). Thus the two sugars increased the GLUT5 promoter
activity to similar, extents and the −272/+41 GLUT5 promoter is
sufficient for the sugar response.

Overall, the results indicate that the greater increase in
endogenous GLUT5 mRNA levels in cells cultured in the presence
of fructose compared with the cells cultured in the presence of
glucose was not due to a higher rate of transcription, despite the
difference in cellular cAMP concentration.
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Figure 2 Effect of 5′-deletions of the GLUT5 promoter on luciferase activity
under various sugar culture conditions

Upper panel: schematic representation of the 5′-deletions of the GLUT5 promoter, driving the
luciferase reporter gene with the solid squares, showing the position of two putative cAMP-
response elements identified in the sequence of the human promoter at position − 365/− 358
and − 332/− 325 from start of transcription. Lower panel: luciferase activities were measured
in cells cultured for 10 days in the absence of sugar (d, white bars), or in the presence of 25 mM
glucose (G, hatched bars) or fructose (F, black bars). There was a significant difference between
activities in sugar-fed cells (P < 0.001) compared with sugar-deprived (d, open bars) controls.
RLU, relative light units.

Sugar metabolism and PKA signalling mediate the stimulation of
GLUT5 transcription

Increasing the cAMP content in Caco-2 cells rapidly induces
glycogen store mobilization and it also increases the rate of
glucose consumption [30]. We therefore hypothesized that cAMP
(FK) stimulated promoter activity by inducing sugar metabolism.
We investigated whether this was indeed the case by evaluating
glycogen stores and promoter activities in the −2500/+41
construct as a function of sugar and FK (50 µM) treatment.
Glycogen stores were similar in the presence of fructose and
glucose, and were 1.6 times larger in cells cultured in the presence
of one of these sugars compared with sugar-deprived cells
(Figure 3A). FK treatment reduced glycogen stores by 40% in
cells cultured in media containing fructose or glucose, to levels
similar to those observed in the absence of sugar (Figure 3A).
Luciferase activity was five times higher in the presence of sugar
than in its absence (Figure 3B). GLUT5 promoter activity was
stimulated by FK even in the absence of sugar.

To investigate the role of glycogen metabolism in the regulation
of GLUT5 promoter activity, we used a potent inhibitor of
glycogenolysis, targeting glycogen phosphorylase activity. This
inhibitor DAB was added to the culture medium at a concentration
of 50 µM and the cells were incubated in this medium for 24 h
[31]. In control cells, DAB did not affect basal promoter activity
(Figure 3C). Bt2-cAMP (500 µM), a cAMP analogue was also
used, as it is a less potent activator of the cAMP transduction
pathway. Bt2-cAMP increased the activity of the −2500/+41
GLUT5 promoter by a factor of 1.5. DAB reduced the effect
of Bt2-cAMP by 60%. We then used H89 (50 µM), an inhibitor of
PKA [32]. H89 totally prevented GLUT5 promoter activation by

Figure 3 Involvement of glycogen metabolism and PKA pathway in the
regulation of GLUT5 transcription

(A) Effect of FK on the glycogen content of cells cultured in the presence of sugars. Results
are expressed as µg of glycogen/µg of protein (means +− S.E.M. of duplicate determinations
for five independent experiments). The letter ‘a’ denotes a significant difference (P < 0.005) in
comparison of cells cultured in the presence of glucose (G, hatched bars) or fructose (F, black
bars) and absence of sugar (d, empty bars). (B) Effect of FK on GLUT5 (2500/+41) promoter
activity in cells cultured as a function of sugar in the culture medium. The letter ‘a’ denotes
a significant difference (P < 0.005) between FK-treated and the corresponding untreated (− )
cells. (C) GLUT5 promoter activity was measured in glucose-fed cells (hatched bars) in the
presence or absence of 0.5 mM Bt2-cAMP treatment (dark hatched bars) and further treated
with the inhibitor of glycogenolysis (0.1 mM DAB) or the inhibitor of PKA (0.05 mM H89).
Lower-case letters denote significant differences: a, P < 0.005 and b, P < 0.05 from control
cells. RLU, relative light units.

Bt2-cAMP (Figure 3C). We therefore concluded that the activation
of the GLUT5 promoter by cAMP is mediated entirely by PKA
signalling, with at least half the effect due to glucose generated
from glycogen degradation.

Correlation between the half-life of GLUT5 mRNA and cellular
cAMP content

We then investigated the effect of cAMP-pathway inhibitors on
endogenous GLUT5 mRNA abundance (Figure 4A). Bt2-cAMP
increased mRNA levels by a factor of 2.7 with respect to controls.

c© 2003 Biochemical Society



Control of intestinal GLUT5 expression by fructose 171

Figure 4 The cAMP pathway and half-life of GLUT5 mRNA

(A) Caco-2/TC7 cells cultured with fructose (black bars) were treated for 24 h with 0.5 mM
Bt2-cAMP (dark hatched bars) in the presence or absence of 0.05 mM H89. Endogenous GLUT5
mRNA levels and densitometric analysis are shown. (B) The half-life of GLUT5 mRNA was
measured in Caco-2/TC7 cells treated with two transcription inhibitors, 0.2 M 5,6-dichloro-
benzimidazole riboside or 5 µg/µl actinomycin D, with identical results. mRNA levels were
quantified by densitometric analysis of Northern blots, and half-lives were plotted as a function
of cAMP content for cells grown in the absence of sugar (d) or in the presence of 25 mM glucose
(G) or fructose (F). Various symbols have been used to highlight measurements that have been
made in parallel. The bold line is the regression curve for all experiments (R2 = 0.9913).

The inhibition of glycogenolysis by DAB did not affect GLUT5
mRNA levels (results not shown). In contrast, H89 dramatically
reduced (95%) both the control and cAMP-stimulated GLUT5
mRNA levels. Similar results were obtained with cells cultured
in the presence of fructose (Figure 4A) and those cultured in the
presence of glucose (results not shown). Thus PKA inhibition by
H89 prevented GLUT5 mRNA accumulation continuing GLUT5
promoter activity, as shown in Figure 3. This strongly suggests
that cAMP is involved in the regulation of the half-life of GLUT5
mRNA.

We measured the half-life of GLUT5 mRNA in transcription-
arrested cells cultured in medium containing glucose or fructose
or in sugar-free medium. GLUT5 mRNA was barely detectable
in cells subjected to chronic sugar deprivation (Figure 1A), due
to inactivation of the GLUT5 promoter (Figure 2B). We de-
termined the half-life of GLUT5 mRNA in sugar-deprived cells
under conditions of simultaneous glucose withdrawal and
transcription inhibitor addition. The half-life of GLUT5 mRNA
was determined from mRNA decay curves (results not shown) and
plotted against the cAMP content of the cells (Figure 4B). The
half-life of GLUT5 mRNA increased from 17 h in sugar-deprived
cells to 24 and 36 h in cells cultured in the presence of glucose
and fructose respectively. The half-life of GLUT5 mRNA was

Figure 5 UV cross-linking of GLUT5 3′-UTR with cytosolic protein extracts

Left panel represents the UV cross-linking of radiolabelled GLUT5 3′-UTR with 50 µg of
cytosolic protein extract of cells cultured under various sugar conditions. Cell protein extracts
were prepared from cells grown in the absence of sugar (d, open bars), or in the presence
of 25 mM glucose (G, hatched bars) or fructose (F, black bars). Three main complexes were
formed: a 140 kDa complex (complex I) detected only after exposure for 1 week (upper left
panel), and the 96 kDa complex II and the 50 kDa complex III, which were detected after 24 h.
Right panel shows the densitometric analysis of 2–4 independent experiments. Note that the
amount of complex I decreases in the presence of sugar, whereas the amounts of complexes II
and III increase.

linearly correlated with cAMP concentration (R2 = 0.9913). Thus
both fructose and cAMP seem to exert their effects on GLUT5
production by increasing GLUT5 mRNA stability.

Sugar-dependent binding of cytosolic proteins to
GLUT5 3′-UTR RNA

Regulatory interaction often involves the 3′-UTR of mRNA [33]
and modulates processing. To elucidate the mechanism by which
fructose regulates GLUT5 production, we analysed the binding
of cytosolic proteins to the GLUT5 (1590–2218) 3′-UTR. 3′-
UTR RNA was UV-cross-linked in the presence of cytosolic S100
protein extracts from cells cultured in the presence or absence
of fructose and glucose (Figure 5). Three main RNA–protein
complexes were obtained, which we identified as complexes I, II
and III, on the basis of molecular mass.

The abundance of complex I (140 kDa; Figure 5A) decreased
under conditions of increased GLUT5 mRNA abundance. The
binding of complex I was 12 and six times higher in sugar-
deprived cells than in cells grown in the presence of fructose and
glucose respectively (Figure 5B). Complex I may thus be involved
in GLUT5 mRNA degradation in sugar-deprived cells and may
contribute to the difference in mRNA stability in cells cul-
tured in the presence of fructose and glucose.

Complexes II and III were more abundant in cytosolic protein
extracts from cells cultured in the presence of fructose or
glucose when compared with that of sugar-deprived cells. These
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Figure 6 Northwestern and Western-blot analyses of RNA-binding proteins
(Paip2 is a partner of the GLUT5 RNA–protein complex)

(A) Cytosolic protein (50 µg) extracted from cells cultured in the absence of sugar (d) or
in the presence of glucose (G) or fructose (F) was resolved by electrophoresis after mild
denaturation. The protein bands were transferred to a membrane, which was probed with the
radiolabelled GLUT5 3′-UTR for Northwestern analysis (left panel) or an anti-Paip2 antibody for
Western-blot analysis (upper right panel). Note the presence of two bands, indicated by arrows,
68 and 48 kDa in mass, that bound both the anti-Paip2 antibody and the radiolabelled probe.
(B) Representative blot with the detection of a radiolabelled GLUT5–3′-UTR complex with 5 µg of
cytosolic proteins from cells cultured under various sugar conditions. Incubations with the anti-
Paip2 antibody before (right panel 3 lanes) and after (results not shown) complex formation gave
similar results. Note the disappearance of the complex (arrow) in the presence of the anti-Paip2
antibody.

complexes had molecular masses of 96 and 48 kDa respectively.
Densitometric analysis (Figure 5B) showed that the binding
activity of these complexes was 3–5 times higher in glucose
or fructose when compared with sugar-deprived cell extracts.
These complexes may protect GLUT5 mRNA from degradation
in sugar-fed cells, but do not discriminate between fructose and
glucose.

GLUT5 mRNA 3′-UTR–protein complexes contain Paip2

To identify the proteins that bind GLUT5 3′-UTR, we performed
Northwestern blotting with cytosolic proteins from cells grown
in the presence of fructose or glucose and the cells grown in
the absence of sugar. Three protein bands, 85, 68 and 48 kDa
in mass, were labelled with the GLUT5 3′-UTR probe (Figure 6A,
left panel), and found in more abundance in sugar-deprived cell
extracts when compared with extracts of cells cultured in the
presence of glucose or fructose. This sugar relationship is similar
to that of complex I identified by UV cross-link (Figure 5).

Paip2, a partner of the PABP, is thought to repress translation
[34,35]. Anti-Paip2 antibodies were used to investigate the
possible role of this protein in the regulation of GLUT5 mRNA
degradation (Figure 6A, right panel). On Western blots, we
detected a 28 kDa protein of the same mass as of native Paip2, the
amount of which did not depend on the culture conditions. Two
other bands at 68 and 48 kDa, which corresponded to proteins
less abundant in the presence of fructose or glucose than in sugar-
deprived extracts, were recognized by the anti-Paip2 antibody, and
by GLUT5 3′-UTR hybridization (Figure 6A). We suspect that
the conditions used to denature cytosolic proteins in the extracts
may not have disrupted some strong protein interactions. These
results therefore suggest that Paip2 is a component of at least one
complex binding to GLUT5 3′-UTR RNA.

We then assessed the direct contribution of Paip2 to a
complex interacting with GLUT5 3′-UTR (Figure 6B). RNA
electrophoretic mobility-shift assay profiles revealed a major
RNase T1-resistant complex bound to the radiolabelled 3′-UTR of
GLUT5. Strong binding activity was observed in extracts of cells
cultured with glucose, and lower levels of binding were observed
in extracts of cells grown with fructose or in the absence of sugar.
The anti-Paip2 antibody prevented the formation of this complex
in all cell extracts used. This lack of RNA supershift suggests
that the polyclonal antibody interferes with RNA recognition
and disrupts GLUT5–protein complex formation. Thus Paip2 is a
component of the protein complex binding the GLUT5 mRNA.

DISCUSSION

In the present study, we investigated the underlying mechanisms
responsible for the up-regulation of GLUT5 production (SLC2A5
gene) by fructose and glucose. Fructose gave more stable GLUT5
transcripts than glucose; this difference may be responsible for
specific fructose-induced GLUT5 expression.

We were able to dissect the sugar response of the GLUT5
promoter because it was possible to manipulate the content of the
extracellular medium with the Caco-2 cell culture. Fructose and
glucose were found to stimulate the GLUT5 promoter activity
similarly in Caco-2 cells. This finding conflicts with previous
observations of the transcriptional effects of fructose and glucose
made with nuclei from mucosal scrapings of rat jejunum [5].
This difference in results may be due to differences in the cells
used: a fully differentiated Caco-2 enterocyte sample in the
present study, and a heterogeneous intestinal sample containing
proliferating cells and cells at various stages of differentiation
in the previous study. Consistent with this hypothesis, glucose
regulation of SGLT1 gene expression starts only at the crypt–villus
junction [36]. Thus comparison of the results obtained in vivo and
with Caco-2 cells may reveal differentiation-related regulation of
GLUT5 production by fructose.

The stimulation of GLUT5 mRNA synthesis by fructose is more
than a simple effect on transcription. All promoter constructs were
stimulated to a similar extent by fructose and glucose, suggesting
that there is a sugar-response element in the first 272 bp of GLUT5
promoter. Activation of the cAMP pathway by FK increased
the activity of the 2500 bp GLUT5 promoter, but only half of
the effect was obtained with the approx. 272 bp [7] containing
a sugar-response element. This may be due to the activation of
sugar metabolism in Caco-2 cells by FK [30], as shown by the
results obtained with inhibitors of glycogen degradation or of PKA
activity.

Although fructose and FK had similar effects on cAMP
levels, FK had a larger effect than fructose on GLUT5 gene
transcription. As FK is lipophilic and a very potent activator of
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adenylate cyclase, it has been suggested that its effects may spread
through the cell, triggering transcription in a more sustained
way. Furthermore, the local activation of adenylate cyclase in
the vicinity of the plasma membrane has been demonstrated
in human cells [37–39]. Thus fructose transport is likely to trigger
a local increase in cAMP levels.

Comparison of the effects of fructose and glucose suggests that
the fine regulation of GLUT5 production by fructose is modulated
at the post-transcriptional level. Several lines of evidence support
this hypothesis. First, transcription did not account for differences
in GLUT5 mRNA levels in the presence of glucose and fructose.
Secondly, an inhibitor of PKA destabilized GLUT5 mRNA,
without affecting basal levels of transcription. Thirdly, the half-
life of GLUT5 mRNA and cellular cAMP levels were strictly
correlated. We identified several RNA–protein complexes (140,
96 and 48 kDa) that displayed differential binding to the GLUT5
3′-UTR depending on sugar conditions. A 140 kDa complex I
was most abundant when levels of GLUT5 mRNA degradation
were high, suggesting that this complex may be a destabilizing
complex. The levels of this complex were lower in the presence of
glucose, and even lower in the presence of fructose, when cAMP
content increased. The abundance of complex I was lowest with
cytosolic extracts from cells cultured with fructose. Therefore,
this complex may be involved in the differential simulation of
GLUT5 expression by fructose and glucose. However, formation
of the 96 and 48 kDa complexes was strongly induced by glucose
and fructose, and the binding of these two complexes was similar
in the presence of glucose and fructose, indicating a general sugar
effect. A 48 kDa complex that bound to a U-rich region in the
3′-UTR of the SGLT1 transcript has also been identified, and
the amount of this complex increases with isobutylmethylxanthine
treatment of the cells, suggesting the involvement of a cAMP-
regulated process [21,22]. Integrated regulation of the expression
of transporters in enterocytes by fructose and cAMP involves the
processing of mRNA through several complexes, the partners of
which remain to be identified.

Paip2 has been reported to act as a translational repressor,
interacting with PABP, which disrupts the circularization of
mRNA and inhibits translation. Paip2 is resident in the cytosol and
may interact with the 3′-UTR of several mRNAs. The anti-Paip2
antibody recognized a protein complex bound to the GLUT5 3′-
UTR in glucose-deprived cells in which GLUT5 is produced only
in small amounts. It has been suggested that GLUT5 production
is regulated translationally in the small intestine of the rat [2].
Consistent with this, Paip2 was essentially associated with low
levels of GLUT5 production and low levels of mRNA stability,
suggesting that the binding of this protein to the GLUT5 3′-UTR
destabilizes transcripts.

Overall, our results show that fructose stimulates the expression
of GLUT5 by increasing both the rate of transcription of the
GLUT5 gene and mRNA stability. Both fructose and glucose
have similar effects on the transcription of the gene, suggesting
that a common metabolite of these two molecules is involved.
The differences in the effects of fructose and glucose on mRNA
degradation are probably due to differences in the capacities of the
two sugars to increase the cAMP levels locally and to modulate
the formation of protein complexes with GLUT5 3′-UTR. Paip2
was identified as one of the partners in these complexes.
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